A 2.15-kb PstI fragment of the 140-megadalton (MDa) plasmid of Shigella flexneri which encodes Congo red (CR) dye binding activity was isolated by recombinant techniques. The recombinant plasmid was shown to encode the structural gene for CR binding but failed to restore the ability of noninvasive strains to penetrate HeLa cell monolayers. A partial restriction map was constructed and polypeptides specified by the 140-MDa insert DNA identified in a minicell system. The putative polypeptide responsible for CR binding activity was identified by its thermoregulated expression in minicells. The M r of the putative CR binding protein was 24 000.
INTRODUCTION
For Shigella flexneri, a major determinant of virulence is the ability to invade and replicate in the intestinal mucosa [1, 2] . Recent studies have mapped the invasive phenotype to a 140-MDa nonconjugative plasmid [3] [4] [5] [6] . Invasion is assayed using penetration of HeLa cell monolayers [7, 8] or production of keratoconjunctivitis in guinea pigs [9] . This 140-MDa plasmid is required for virulence and invasiveness of S. flexneri [5, 10] , but genetic loci have not been precisely mapped. S. flexneri strains which lack the 140-MDa plasmid are noninvasive and characteristically avirulent [5,101. The ability to bind the dye CR in Shigeila spp. [11] , Yersinia pestis [12] , and invasive Escherichia coli strains [11] has been associated with virulence. Maurdli et al. [13] have shown that in S. flexneri the loss of invasiveness and the ability to bind the dye CR occurs concomitantly with a deletion in the 140-MDa plasmid. A causal relationship between this deletion and the loss of invasiveness and CR binding ability has not been established. Further, CR binding ability and invasion are expressed in a temperature-dependent manner, occurring at 37°C, but not at 30°C [21] . Temperature-dependent expression of many virulence determinants in other pathogenic bacteria has been described [14] [15] [16] [17] [18] . Here, we present evidence demonstrating that the CR gene itself does not contain the genetic information to confer invasive ability to S. flexneri; and CR gene expression is temperature-dependent.
MATERIALS AND METHODS

Media and bacterial strains
CR agar was made by supplementing TSB with 0.01% CR dye [11] (Sigma Chemical Co., St. Louis, MO). L-broth [19] was used as the complete medium. Antibiotics were supplemented at the following concentrations: tetracycline 10 /xg/ml, carbenicillin 500 i~g/ml. The S. flexneri strains SA100 [20] , 1-56 [20] and M90Tvir ÷ [2, 3] have been described previously. E. coli P678-54 is a minicell-producing strain [21] . Strains expressing CR binding phenotype produce red colonies on CR agar (CR ÷) while CR-variants fail to bind CR and are white.
Plasmid isolation, construction and analysis
Isolation of the 140-MDa plasmid was performed by the methods of Hansen and Olsen [22] . E. coli C600 were made competent for transformation according to established procedures [23] . A miniprep procedure [24] was used to screen transformants for recombinant plasmids. Plasmids were separated in 0.8% agarose gels. Conditions for restriction endonuclease digestions and ligation reactions were provided by the enzyme manufacturers (International Biotechnology Incorporated).
lnvasion assays
Monolayers of HeLa cells (8 x 104 cells/weU in 24-well tissue culture plates) were infected with various dilutions of bacteria, washed 6 × with medium (67% Hank's Balanced Saline Solution, 33% RPMI 1640; supplemented with 5% FCS and 50/~g/ml kanamycin). Infection of the HeLa cell monolayers has been previously described [25] . 
Minicell procedure
A minicell procedure [21] was used for plasmid-specific polypeptide expression. E. coil strain P678-54 was transformed with the recombinant plasmids and translated proteins labeled with 100/~Ci of [35S]methionine (887 Ci/mmol) for I h in minimal media supplemented with amino acid (-met). Cells were lysed and polypeptides separated by SDS-PAGE. In the thermoregulation experiments, cultures were grown separately overnight at 30°C or 37°C. Incubation of minicells with [35 S]methionine-containing medium was identical to the temperature of overnight growth.
RESULTS
Isolation of the 140-MDa plasmid and subsequent cloning
The method of Hansen and Olsen [22] yielded purified /~g quantities of the 140-MDa plasmid. The 140-MDa plasmid was treated with PstI resuiting in 20-30 DNA fragments as demonstrated by electrophoresis in 0.8% agarose (not shown). Low-M r cryptic plasmids present in these strains did not have restriction sites for the enzymes utilized. The PstI fragments were inserted by ligation into the PstI site of pAT153 ( Fig. 1) . Similar cloning efforts generated HindlII-derived inserts. Recombinant plasmids were digested with either PstI or HindlII and insert DNA sized in a 0.8% agarose gel. These efforts generated a library of 23 recombinant clones derived from 140-MDa plasmid sequences.
Screening for Congo red binding and transformation of noninvasive CR-S. flexneri
To screen the recombinant library for the ability to convert E. coli C600 from CR-to CR +, E. coli transformants were plated on 0.01% CR agar supplemented with the appropriate antibiotics. One transformant, pCX1003B, conferred CR binding ability to E. coli C600 (Table 1 ). pCX1003B contains a 2.15-kb insert derived from PstI restriction of the 140-MDa plasmid with an internal HindlII site (Fig. 1) 
Testing of S. flexneri transformants for invasiveness
Maurelli et al. [13] 
Temperature-dependent expression in minicells
P678-54 was transformed with pCX1003B to evaluate the coding capacity of the 2.15-kb PstI [26] have reported the temperature-dependent expression of the CR phenotype in virulent S. flexneri. To identify the polypeptide responsible for the CR phenotype, duplicate minicell experiments were performed at two temperatures (30°C and 37°C). One polypeptide displayed temperature-dependent expression in the autoradiogram (Fig. 2) . Lanes E and F correspond to P678-54 carrying pCX1003B at 30°C and 37°C, respectively. The 24-kDa polypeptide is minimally expressed at 30°C (lane E), but is expressed abundantly at 37°C (lane F). The 22-kDa K K Fig. 2 . Temperature-dependent expression of the 24-kDa polypeptide of the 2.15-kb Pstl fragment. Minicells (P678-54) were labeled with 100 ~Ci [35S]methionine for 1 h. Cells were lysed with sodium dodecyl sulfate (SDS) and polypeptides separated by 10% SDS-polyacrylamide gel electrophoresis (PAGE). Lanes: A, P678-54 containing no plasmid incubated at 30°C; B, P678-54 containing no plasmid incubated at 37°C; C, P678-54 containing the cloning vector pAT153 incubated at 30°C; D, P678-54 containing the cloning vector pAT153 incubated at 37°C; E, P678-54 containing the recombinant plasmid pCX1003B incubated at 30°C; F, P678-54 containing the recombinant plasmid pCX1003B incubated at 37°C. Arrows indicate the positions of the 24-kDa and 22-kDa polypeptide in lanes E and F. Asterisk indicates the position of fl-lactamase encoded by pAT153 in lanes C and D. The decreased pre fl-lactamase processing at 37°C has been observed previously [28] .
polypeptide is expressed similarly at both temperatures. P678-54 (lanes A and B) and P678-54/pAT153 (lanes C and D) lack these 24-and 22-kDa polypeptides at either temperature. Experiments by Hale et al. [3] described a 24-kDa polypeptide encoded by the 140-MDa plasmid and associated with virulent S. flexneri. These experiments suggest that the thermoregulated 24-kDa polypeptide may be responsible for CR binding ability and is encoded by the 2.15-kb PstI fragment of pCX1003B.
DISCUSSION
Maurelli et al. [26] demonstrated the inability to transduce both the CR phenotype and invasive ability within the same P1 transducing phage. These findings may have resulted from limitations in their transduction system, problems arising from homologous recombination considering the unstable nature of the 140-MDa plasmid or the CR binding activity gene being distally linked to invasive-specific sequences. The ability of the 2.15-kb PstI fragment of pCX1003B to complement the loss of CR binding ability in CR-S. flexneri and confer the CR phenotype to E. coli identifies this fragment as containing the CR structural gene as opposed to a regulatory gene. However, the complementation of the CR phenotype by pCX1003B does not restore invasiveness. Although the CR binding activity gene in itself does not restore invasiveness, it may function in conjunction with other 140-MDa plasmid genes to contribute to the virulence of Shigella.
Individual recombinant plasmids derived from the PstI library of the 140-MDa plasmid were screened by the HeLa cell assay for restoration of invasive ability in avirulent S. flexneri (not shown). No single PstI or HindIII fragments encoded invasive ability. In the transition from CR ÷ and invasiveness to CR-and noninvasiveness, a deletion of 30 to 95 MDa has been implied as the mechanism of spontaneous mutation [13] . The isolation of a 2.15-kb PstI fragment containing the CR gene represents only a small fraction of the deleted DNA. These results suggest that multiple genes involved in the deletion which cannot be contained on a single recombinant plasmid are required for the expression of invasiveness. Alternatively, a PstI restriction site may be located within the invasive-specific gene(s).
Polypeptides of 24 kDa and 22 kDa are encoded by the 2.15-kb PstI fragment. By observing temperature-dependent expression, the 24-kDa polypeptide has been identified as the putative CR gene product whereas the 22-kDa polypeptide is not expressed in a temperature-dependent manner. A biological function for the 22-kDa polypeptide has not been defined. Additionally, this result indicates that two genes on a single fragment are subject to different regulatory mechanisms.
Hagberg et al. [27] have shown a virulence-related, pilus-adhesion determinant of E. coli to be thermoregulated. The temperature-dependent expression of CR binding and invasiveness by S. flexneri, as well as other virulence-related products may be mechanistically similar to the regulation of the pilus-adhesion determinant. An understanding of the molecular basis of thermoregulation requires the identification and characterization of the sequences controlling the expression of the CR binding activity gene and other virulence-related determinants. Sequence analysis of the promoter region of the CR gene and other thermoregulated virulence-related sequences may reveal regulatory signals or predict 2 ° structures which affect expression. Alternatively, thermoregulation could be effected by (a) distal regulatory gene(s) encoding a protein whose expression is temperature-dependent.
